Abstract Previous measurements of bed load transport in gravel bed streams revealed a large temporal and spatial variability of bed load transport rates. Using an impact plate geophone system, continuous bed load transport measurements were made during 6 years in two mountain streams in Austria. The two streams have a snow-melt and glacier-melt dominated hydrologic regime resulting in frequent transport activity during the summer half year. Periods of days to weeks were identified which are associated with approximately constant Shields values that indicate quasi-stable bed conditions. Between these stable periods, the position of the bed load transport function varied while its steepness remained approximately constant. For integration time scales of several hours to 1 day, the fluctuations in bed load transport decreased and the correlation between bed load transport and water discharge increased. For integration times of about 70-100 days, bed load transport is determined by discharge or shear stress to within a factor of about 2, relative to the 6 year mean level. Bed load texture increased with increasing mean flow strength and mean transport intensity. Weak and predominantly clockwise daily hysteresis of bed load transport was found for the first half of the summer period.
Introduction
In the past, bed load transport observations in gravel bed rivers and mountain streams were mostly obtained with portable samplers such as the Helley-Smith sampler (Emmett, 1980; King et al., 2004; Ryan et al., 2005; Vericat et al., 2006) and bed load traps (Bunte et al., 2004 (Bunte et al., , 2010 Rachlewicz et al., 2017; Schneider et al., 2015) . In other studies, direct bed load sampling was achieved with technically more demanding methods such as vortex tube samplers (e.g., Hayward & Sutherland, 1974; Milhous, 1973; Tacconi & Billi, 1987) or slot samplers (Garcia et al., 2000; Habersack et al., 2017; Kreisler et al., 2017; Reid et al., 1980; Reid & Laronne, 1995) . Direct bed load sampling is typically quite time consuming and therefore only discrete measurements in time and space can normally be taken in a given stream. Such measurements are also often associated with substantial expenses and difficulties (Gray et al., 2010) . In addition, with increasing discharge (stream power) and increasing caliber of the bed load particles most of the direct measuring techniques become dangerous or impossible to be carried out (Rickenmann, 2017) . Alternative measuring techniques are indirect methods such as acoustic bed load monitoring in gravel bed streams. The interest in these methods has grown considerably in the last decade or so (Gray et al., 2010; Rickenmann, 2017) , and an increasing number of related, process-oriented studies have been published Beylich & Laute, 2015; Downs et al., 2016; Habersack et al., 2017; Kreisler et al., 2017; Magirl et al., 2015; Mao et al., 2014; Mizuyama et al., 2010 Mizuyama et al., , 2011 Raven et al., 2010; Reid et al., 2007; Rickenmann, 1994; Rickenmann & McArdell, 2007 Schneider et al., 2016; Turowski et al., 2009 Turowski et al., , 2011 Uchida et al., 2013; Vatne et al., 2008) . These indirect techniques have the important advantage of providing continuous measurements in time. However, for more quantitative information on bed load transport rates, they need to be calibrated by direct field sampling of bed load; otherwise they can provide at least continuous qualitative information on bed load transport intensities.
Measured transport rates in gravel bed rivers and boulder-bed streams may vary by several orders of magnitude at similar (mean) flow conditions (e.g., Bathurst et al., 1987; Gomez, 1983; Gomez & Church, 1989; Reid & Laronne, 1995; Rickenmann et al., 2012; Rickenmann & McArdell, 2008; Whitaker & Potts, 2007a) . A comparison of bed load transport functions based on measurements in different streams likewise reveals a large variability of the levels of bed load transport between streams for similar flow and grain size characteristics (Nitsche et al., 2011; Recking, 2010; Recking et al., 2016; Schneider et al., 2015) . Based on more than 10,000 field measurements, Recking et al. (2016) demonstrated that the reference shear stress varied as a function of channel slope and that the steepness of the bed load transport function showed some dependence on the dominant bed morphology, such as plane bed, riffles, step-pools, or braided morphology. In naturally occurring flows, the variability of grains and their local arrangement affects the hydrodynamic and resistive forces, and thus the net hydrodynamic force in turbulent flow, represented by the summation of the lift and drag contributions, will vary in time, magnitude, and direction (Diplas et al., 2008) . As a result, both the initiation of particle motion and bed load transport will vary in space and time. A detailed summary of how bed morphology and particle arrangement can affect bed load transport is given by Church (2006) . To better explore short-term and long-term variability of bed load transport, indirect and continuous monitoring techniques can provide important support.
Many previous studies investigated hysteresis effects in the relationship between sediment transport rate and flow strength, which occur over different timescales from hours to years. Hysteresis can be clockwise (higher transport on rising hydrograph limb; e.g., Mao et al., 2014; Moog & Whiting, 1998; Nanson, 1974; Schneider et al., 2016; Vatne et al., 2008) or counterclockwise (higher transport on falling hydrograph limb; e.g., Aigner et al., 2017; Emmett et al., 1983; Klingeman & Emmett, 1982; Mao et al., 2014; Milhous & Klingeman, 1992) . Possible reasons for hysteresis behavior were recently summarized by Roth et al. (2014 Roth et al. ( , 2017 : exhaustion or increases in sediment supply (e.g., Mao et al., 2014; Moog & Whiting, 1998; Reid et al., 1985; Whiting et al., 1999) or changes in transport efficiency due to bed evolution, such as packing (e.g., Charru et al., 2004; Mao, 2012) or changes in the grain size of the bed surface (e.g., Dietrich et al., 1989; Humphries et al., 2012; Kuhnle, 1992; Martin & Jerolmack, 2013; Whiting et al., 1999; Wohl & Cenderelli, 2000) .
The focus of this paper is to examine the temporal variability of bed load transport in two mountain streams in Austria, Fischbach and Ruetz (Rickenmann & Fritschi, 2017) . The continuous long-term measurements with the Swiss plate geophone (SPG) system obtained during the period from 2008 to 2013 were analyzed with regard to the following objectives: (i) to examine how much time-integrated bed load transport rates and flow variables can improve transport prediction; (ii) to identify periods with less variability in transport and to examine a possible relation to measured changes in lateral bed load transport activity and changes in bed load texture; and (iii) to identify daily and seasonal hysteresis patterns in bed load transport.
2. Field Sites, Geophone Measurements, and Data Analysis 2.1. Geophone Measurements, Catchment, and Channel Characteristics The SPG system has been installed in more than 20 streams primarily in Central Europe (Rickenmann, 2017 ). An array of steel plates is typically installed flush with the surface of a sill or check dam, a location where there is only a small chance for (substantial) deposition of bed load grains during transport conditions. The Fischbach and Ruetz field sites are operated by the Tyrolean Water Power Company (TIWAG; Rickenmann & Fritschi, 2017; Turowski et al., 2011) . They are located in partly glaciated catchments in the Tyrolean Alps (supporting information Figure S1 ). At both field sites, water discharge and bed load transport have been monitored since 2008. The stream cross section is trapezoidal at each measuring site, with the banks protected by riprap and inclined at 458. The geophone sensors are installed in an 8.7 m wide concrete sill installed across the stream bed. The sill is protected with riprap on the upstream and downstream side, and it is laterally inclined at 5%, which improves the discharge measurements at low flows (Figure 1 ). At the top Water Resources Research 10.1002/2017WR021376 of each sill, there is an array of 16 steel plates. The geophone sensors are fixed in a cylindrical aluminum case and are mounted on the underside and in the middle of a steel plate, which is screwed into supporting steel constructions (UPN profiles) and which is acoustically isolated by elastomer elements from neighboring plates. The steel plates have standard dimensions of 0.360 m length, 0.496 m width, and 0.015 m thickness. Every second steel plate is equipped with a geophone sensor, so that there are a total of eight sensors at each site.
At both sites, the geophone sill is located 4 m downstream of the cross section where flow stage is measured on the left side of the stream, and where flow velocity measurements are made regularly by TIWAG to establish a flow rating curve. At the Fischbach, a bridge crosses the stream some 13 m upstream of the geophone sill and provides vehicle access to the measuring hut on the left bank on a small forest road with very infrequent traffic. Along the right side of the stream a local paved road passes nearby. At the Ruetz, a bridge crosses the stream some 15 m upstream of the geophone sill, and provides vehicle access to different parts of a large parking lot, which is paved with gravel and borders the stream on both banks. A detailed analysis showed that there is pickup of geophone signal very probably due to vehicle traffic on the road (Fischbach) and paved parking lot (Ruetz) which are located very close to the measuring sill, resulting in implausible geophone impulse counts that could be clearly identified at smaller discharges. This analysis concluded that bed load transport is likely the dominant source of producing geophone impulses above a critical discharge Q c of about 3.5 m 3 s 21 at the Fischbach, and above a Q c of about 1.5 m 3 s 21 at the Ruetz (Rickenmann & Fritschi, 2017) . A quantitative analysis comparing the mean impulses for all eight geophone sensors for periods in winter (16 October to 14 April) and in summer for flows with Q < Q c suggests that a large part of the geophone signal in summer during these flow conditions may be due to vehicle traffic (supporting information Table S1 ); however, traffic may considerably vary seasonally, particularly with the important winter tourism activity in the Ruetz catchment, complicating a detailed quantification of this effect.
The catchment size at the measuring site is 71 and 28 km 2 for the Fischbach and the Ruetz, respectively, and the proportion of glaciated area amounts to 16% at the Fischbach and 20% at the Ruetz (Table 1) . Both streams have a nival and glacial runoff regime, with typical daily discharge cycles and regular bed load transport during snow and glacier-melt in spring and summer. Channel characteristics upstream of the measuring site and bed surface grain size distribution, are illustrated in Figures 1-3 , and in Table 1 . Channel size and cross-section shapes are quite uniform over a 60 m long reach upstream of the measuring site (Figure 1 ), and characteristic grain sizes D 50 and D 84 (where D xx indicates that xx percent of particles are finer by weight) are slightly coarser at the Ruetz than at the Fischbach. Grain size distribution of the bed surface was measured by three transect by number observations at each site (3 October 2012 at Fischbach, 4 October 2012 at Ruetz); the line by number samples included observations for D > 10 mm, and they were averaged and transformed into a volumetric sample by assuming a 12% unmeasured proportion of Water Resources Research
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D < 10 mm (Recking, 2013a) and combining the sample with a Fuller type distribution for the fine material (Fehr, 1987 ; Figure 2 ). The longitudinal profile at the Fischbach is more regular, with an average channel bed slope S 5 0.017, whereas at the Ruetz the longitudinal profile reflects a step-pool morphology with an average bed slope of S 5 0.023 ( Figure 3 ).
The continuously monitored geophone signal was converted by the measuring software into the summary values impulses (IMP), maximum amplitudes (MaxA), and squared integrals (RMS values), and these values were stored in 15 min intervals for the period 2008-2013 . In addition, for the period 2010-2013 so-called amplitude histogram (AH) values were stored in 1 min intervals (Table 1) , which allowed to (roughly) estimate the grain size distribution (GSD) of the transported particles (Wyss et al., 2016a; Rickenmann & Fritschi, 2017) .
Calculation of Bed Load Transport Rates From Geophone Data
For the direct bed load measurements a streamlined metal pillar was installed 50 cm downstream of one of the central geophone plates in each stream. The metal pillar allowed an exact positioning of the bed load basket for taking bed load samples which were used to calibrate the Swiss plate geophone measuring system. The metal wire mesh of the basket had a spacing of 10 mm. The analysis of these measurements is reported in Rickenmann & Fritschi (2017) and in Rickenmann et al. (2014) . A total of 31 and 21 measurements from the Fischbach and from the Ruetz, respectively, resulted in the development of the following calibration relation (Rickenmann & Fritschi, 2017) : The calibration relations were derived using only particles with grain sizes D > 10 mm from the basket bed load samples (Rickenmann & Fritschi, 2017) . For the impulse counts with a typical threshold value of 0.1 V (or of 0.07 V in the case of the Austrian streams including a dampening of the signal), there is an approximate mean detection limit of about 20 mm (Wyss et al., 2016b) . However, there are still a few grains in the size range of 10-20 mm contributing to the impulse counts, and this fraction is empirically included in the calibration equations (1) and (2). To estimate the proportion of particles in the range 2 mm < D < 10 mm, also the particles with D < 10 mm caught in the sampler were used in the analysis. This provides a lower estimate of the transported particles with sizes in this range which are not detected by the geophone impulse counts (Wyss et al., 2016a (Wyss et al., , 2016c . After initial filling of the sample bag, the mesh is clogged by sediment and thus a substantial part of particles smaller than 10 mm and even smaller than 2 mm were also caught. Based on the full grain size data from the bed load samples obtained during the calibration measurements, a multiplication factor m F was determined separately for the two streams according to 
where q b,pi was calculated with equations (1) and (2) for each of the eight plates with a geophone sensor, and the coefficient 2 accounts for the noninstrumented plates. There is a considerable variability of m F for the different samples; based on the standard deviation (Table 2) , m F can vary from 1 up to about 1.75 in the Fischbach and to about 1.69 in the Ruetz. There is a very weak trend for m F to decrease with increasing bed load transport rate but here only mean values were used. To illustrate the relative importance of the grain size fraction 10 mm < D < 20 mm for the total bed load transport, Table 2 provides the mean and the standard deviation of this fraction for the measured bed load samples.
Comparison With Bed Load Transport Equations and Back-Calculation of Shield's Values
Water discharge (Q) data were provided by TIWAG for every 15 min time step based on flow rating curves for the two streams. The rating curves were updated from time to time due to slight morphological bed changes upstream of the geophone sill. To estimate flow depth (h) for a given Q for the bed load transport calculations, a trapezoidal cross section of 8.7 m horizontal base width and banks inclined at 458 was assumed for the 60 m long reach upstream of the geophone sill. Hydraulic calculations were made with the variable power equation of Ferguson (2007) discharge q (Rickenmann & Recking, 2011) ; this latter equation was applied iteratively to the trapezoidal cross section for the given discharge time series. An approximate check of these calculations was made with data pairs (h, Q) from TIWAG for the calibration measurements (supporting information Figure S2 ). The agreement with these data was good (Fischbach) to acceptable (Ruetz), whereby a slight correction had to be made to the measured flow depth, which was reduced by 0.07 m for both streams, and the energy slope for the Fischbach was set to the channel slope of 0.017 (Table 1) . For the Ruetz a reduced energy slope S e 5 0.01was used that may be approximately valid for the 20-30 m reach upstream of the geophone sill including a large step (Figure 3 ) but the value of S e may also vary somewhat with discharge. The slight flow depth correction is of the order of D 50 and is not so surprising, given the fact that the bed immediately upstream of the sill changed somewhat during the 6 study years and that there is a transition from the horizontal bed at the gauging station to the laterally inclined geophone sill, where the elevation at the right side is 0.435 m higher than at the left side. TIWAG reported that they mechanically removed or rearranged some sediment in this reach each autumn to strive for a somewhat more stable cross section over time. For the bed load transport calculations, the mean channel bed slopes as reported in Table 1 were used, as they likely control the bed load flux to the geophone sill.
To compare the SPG measurements with predictions using bed load transport equations, five equations were selected which were either proposed for application in gravel bed streams or which had been applied to steep streams in previous studies. The first four equations are summarized in Appendix A. The MeyerPeter & M€ uller (1948) (A5)), and eight grain size classes were used here. The fifth equation used here is an exponential formulation of the MPM equation. It was first proposed by Cheng (2002) , and it is given here in a slightly modified form, using a coefficient of 5 as for equation (A1):
where U b 5 dimensionless bed load transport rate, h 5 dimensionless shear stress, h c 5 critical dimensionless shear stress at initiation of motion (or Shields number), q b 5 unit bed load transport rate, s 5 ratio of solid to water density, and g 5 gravitational acceleration. To determine the (effective) dimensionless shear stress, the reduced energy slope S red according to Rickenmann and Recking (2011) and Nitsche et al. (2011) was used to determine shear stress in equation (6) with (4), (A1), and (A2), and in equation (A8) with (A5). Since Recking (2013b, equation (A3)) was calibrated based on field data, so-called macroroughness energy losses are implicitly accounted for, and the channel bed slope S was used in equation (A4).
For the MPM and Rickenmann equations (A1) and (A2), respectively, the Shields number h c was determined with the empirical equation of Lamb et al. (2008) as a function of channel slope as 0.054 for the Fischbach and as 0.058 for the Ruetz, and it was reduced by (S red /S) to account for macroroughness effects (Heimann et al., 2015) . The equation of Wilcock & Crowe (2003) has been recently applied to field data including channel slopes S from 0.03 to 0.38 by Schneider et al. (2016) , and a value of h ref 5 
Lateral Variability of Transport Rates and Estimation of Grain Size Distribution
The impulses registered for the eight geophone sensors in each stream allow to assess the lateral distribution of the transport activity across the channel width. The fraction of impulses recorded for one or several sensors and expressed as a mean value per plate for the considered plates is
where ii are any of the eight sensors, n indicates the number of considered sensors and IMP tot refers to sum of the impulses of all eight sensors across the channel width. For example, r Imp-1234 is the fraction of the impulses recorded by the sensors no. 1-4, expressed as mean fraction per plate for these four sensors. In both streams, sensor plate no. 1 is on the right-hand side (in flow direction) and has the highest elevation on the inclined sill, and sensor plate no. 8 is on the left-hand side and has the lowest elevation (Figure 1c ).
Using the so-called amplitude histograms (AH), Wyss et al. (2014 Wyss et al. ( , 2016a demonstrated for the SPG measurements at the Erlenbach (Swiss Prealps) that absolute bed load masses for each grain size class could be successfully calculated for both the calibration and validation data obtained with the moving basket samplers. The continuous recording of AH data at the Fischbach and Ruetz from 2010 to 2013 was performed with 17 amplitude classes j (Rickenmann & Fritschi, 2017) . For each amplitude threshold value (separating the classes), a corresponding particle size D j was estimated according to an empirical relation in Wyss et al. (2016a) . This relation and a summary of the AH-analysis are given in the supporting information. Accordingly, the mass of grains per class is approximately proportional to IMP j D mj 2 , where IMP j are the impulses per class j and D mj is the mean grain diameter of each class j. We used this proportionality in section 3.3 to estimate the GSD for different water discharge classes from the Fischbach and Ruetz measurements based on the recorded AH data. A more detailed summary of the amplitude histogram method of Wyss et al. (2016a) as applied in this study is given in the supporting information Text S1.
Results

Bed Load Transport, Water Discharge, and Empirical Transport Functions
The general behavior of bed load transport and water discharge in the two streams for the 6 years of observations can be characterized by a two-phase regime (Church, 2010; Warburton, 1992) . At smaller water discharges, there is no clear dependence of bed load transport intensity (IMP or Q b ) on water discharge (Q), whereas above a certain threshold water discharge Q c there is a steep increase of IMP or Q b with increasing Q (Figure 4 and supporting information Figures S3 and S4 ). Phase 1 bed load transport probably includes transport of finer grains depending on upstream conditions or sediment availability and less on water discharge, but there is also a superposition of implausible impulses due to environmental signal ''noise,'' and the proportion of these implausible impulses is likely increasing with decreasing water discharge in region ''A'' of Figure 4 (Rickenmann & Fritschi, 2017) . Above a threshold water discharge (of about Q c 5 2.5 m 3 s 21 for the Fischbach in 2010; Figure 4 ) there is a clear dependence of bed load transport on water discharge in the phase 2 regime, and particles from the armor layer are also likely to be transported. However, the geophone IMP values can also show some dependence on water discharge below Q c in the phase 1 regime ( Figure 5 ). Another important characteristics are the strong fluctuations of bed load transport intensity for a given water discharge, which is illustrated both in an example time series for 7 weeks of transport ( Figure 5 ) as well as in the bed load flux versus water discharge graphs (Figure 4 and supporting information Figures  S3 and S4 ). In the following, data are mainly shown for periods between April and October, and the term ''summer'' is used in short to approximate the ''summer half year.'' From April to October, the water discharge is generally larger than 1 m 3 s 21 in both streams, while in the winter half year water discharges smaller than 1 m 3 s 21 predominate, with many implausible geophone impulses but no bed load transport.
How well can the mean trend of bed load flux Q b versus water discharge Q in the phase 2 regime be described by existing (empirical) bed load transport equations? Five equations were selected for comparison with the measurements (see section 2.3 above), and they perform differently when applied to the two streams, as illustrated for the summer 2010 in Figure 6 . Most of the equations do not very well reproduce the (4) as shown in Figure 6 ), this would essentially shift the horizontal position of the equations but not improve their performance regarding a better mean reproduction of the observed increase of Q b with Q.
The threshold water discharges giving the highest correlation coefficients R between Q b and Q values for a given stream may be expected to be close to the water discharge Q c separating phase 1 and phase 2 bed load transport conditions. As has been shown in other studies, the correlation between Q b and Q generally increases with increasing aggregation time T (e.g., Recking et al., 2012; Rickenmann, 1994) . The R values were calculated between log(Q) and log(Q b ) for the period 2008-2013 for both streams, and different threshold water discharges were tested ( Figure 7 ). The R values are generally larger for the Fischbach than for the Ruetz. The largest R value was obtained for T 5 1 day (1,440 min) and Q > 2 m 3 s 21 for the Fischbach and for T 5 4 h (240 min) and Q > 1.5 m 3 s 21 for the Ruetz. Similar calculations were made for the Riedbach stream in Switzerland with geophone measurements at a steep reach with S 5 0.38 (Schneider et al., 2016) , and the largest R value was obtained for T 5 12 h (720 min), with generally larger R values than for the Fischbach (Figure 7) .
Much of the remaining analysis was based on daily mean values to characterize bed load transport and water discharge. In terms of dimensionless bed load transport rate U b and dimensionless shear stress h, a quite strong correlation was found between daily mean values of U b and h in the case of h > 0.02 for the Fischbach and h > 0.01 for the Ruetz (Figure 8 ). These threshold h values correspond to a threshold water discharge separating phase 1 and phase 2 transport of about Q c 5 3.8 m 3 /s for the Fischbach and about Q c 5 1.5 m 3 /s for the Ruetz. The corresponding dimensionless bed load transport rate is about U b 5 2E-6 for both streams.
For the phase 2 transport regime, the analysis of the daily mean values also resulted in reasonably strong power law relations between the (back-calculated) Shields values h c and dimensionless shear stress h, namely: Note that combining equation (4) with (9a) or (9b) would result in different coefficients a 1 , b 1 , and c than those given in equations (10b) and (10c). In fact, the coefficients in (10b) and (10c) were found by trial and error to optimize the following three metrics to assess the agreement between predicted U b,pred and measured U b,meas values: 
where n is the number of available daily mean values for the period 2008-2013; the logarithmic NashSutcliffe efficiency (log NSE) reduces the sensitivity to extreme values (as compared to using nonlog values), ranges from (-h;1) and a value of 1 represents perfect agreement (Krause et al., 2005) ; r mean represents a mean discrepancy ratio based on equal weights for all daily values; and r sum represents the discrepancy ratio of total predicted versus measured bed load, assigning more weight to days with large bed load transport.
An alternative assessment was made testing the more frequently used simple power law to quantitatively express dimensionless bed load transport rate U b as a function of dimensionless shear stress h as where again the coefficients a 2 and b 2 were found by trial and error to optimize the three metrics given in equations (11-13), and the analysis was made for the phase 2 transport regime based on the daily mean values. The values to assess prediction accuracy of both approaches are given in Table 3 , and an illustration of predicted versus measured daily transport rates is given for an example year for both streams in Figure 9 .
Both types of fitted bed load transport functions have a similar prediction performance (Table 3 and Figure 9 ). A common characteristic for both approaches is also that the largest (peak) values of the daily fluctuations of U b,meas tend to be underestimated and the lower extreme values are often overestimated. This is also clearly evident from the values in Table 3 and the fact that the more frequently occurring smaller U b,meas values tend to dominate the r mean values, whereas the less frequently occurring very large U b,meas values tend to dominate the the r sum values.
Seasonal Variation of Bed Load Transport Rates and Associated Shield's Values
Using the exponential MPM equation (4), the back-calculated Shields number h c (equation (7)) is a measure of the lateral position (in terms of the abscissa values) of the bed load transport equation (4), either in a graph of U b versus h or of Q b versus Q. Daily mean values of h c were determined to examine how they vary seasonally and whether they show a correlation with other variables. The h c values generally indicate a relatively strong correlation with shear stress h (see also equations (9a) and (9b)), and visually a similar correlation is evident with water discharge Q in Figure 10 and supporting information Figures S5 and S6 . These figures were used to identify so-called ''stable'' periods that indicate time periods with approximately constant h c values; this assessment was done in a qualitative way only. The identified ''stable'' periods are used to demonstrate how the bed load transport rates vary around a mean transport relation during periods of a few days to several weeks. This is shown in Figure 11 in terms of Q b versus Q, using the original 15 min time resolution of the measurements. (A3)), or h c was calculated according to Lamb et al. (2008) and corrected with the reduced energy slope (h c,r in equations (A1) and (A2)).
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Thus, the daily averaging of the transport measurements indicates that these average conditions may remain rather constant over a longer time period, and the question arises about the characteristics of the fluctuations in transport, considering a fine time scale, around the mean values. This aspect is illustrated by using the standard deviation r of the h c values over a moving window of 24 h (based on the 15 min data) which are normalized by the 24 h mean h c values and plotted over time ( Figure 12 and supporting information Figures S7 and S8 ). Again, this assessment was done in a rather qualitative way only. The normalized standard deviation (r/h c ) appears to remain approximately constant on average over time, and it fluctuates over a similar range. For the Fischbach, for most of the time the lower and upper bound of the range (r/h c ) are characterized by a standard deviation of about 5% and 20%, respectively, of the 24 h mean h c values. For the Ruetz, the normalized standard deviation (r/h c ) is somewhat larger and somewhat less constant over time; for the period 2011-2013, the standard deviation is mostly in the range of about 7%-30% of the 24 h mean h c values. It is important to note that resulting relative fluctuations in terms of U b are generally much larger than the normalized standard deviations indicated above, due to the strongly nonlinear relation between U b and (h c /h) in equation (4), particularly for larger ratios h c /h and for smaller h c values. This is also evident from Figure 12 by considering the different scales used for representation of (r/h c ) and U b , respectively.
Lateral Variability of Transport Paths and Changing Grain Size Distribution
The lateral distribution of the transport activity across the channel width was assessed by the fraction r Imp-ii of impulses recorded for one or several sensors and expressed as a mean value per plate for the considered 
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plates (section 2.4). The daily mean values of these fractions for each plate show a rather high variability during a given summer season. However, for different average levels of approximately constant h c values (''stable periods''), the r Imp-ii values were found to often fluctuate around a characteristic mean value. Therefore, r Imp-ii values were further averaged over several days or weeks for the ''stable'' periods, and these results are shown for two example summers in Figure 13 . Due to the lateral inclination of the measuring sill, the four sensor plates no. 1-4 on the orographic right-hand channel side (Figure 1c ) generally showed lower transport activity then the other sensors, and therefore only the (sensor-averaged) r Imp-1234 values are included in Figure 13 for better readability. It is evident from Figure 13 that the relative proportion of impulse counts for different sectors of the channel width changes over time between different ''stable'' periods for both streams.
The so-called amplitude histogram (AH) method (section 2.4) has previously been applied to the geophone calibration measurements in the Fischbach and Ruetz to estimate the GSD of the transported bed load particles, and qualitative agreement with the GSD from the bed load samples was obtained (Rickenmann & Fritschi, 2017) . The same method was applied here to the four summers of continuous geophone measurements in the same streams for the period 2010-2013. The GSD was estimated for six water discharge classes for each stream (Figure 14) . It is important to note that the applied method does not provide precise absolute values of grain size D, because it was calibrated for the steep Erlenbach stream in 
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Switzerland (see supporting information Text S1, for more information). For both Fischbach and Ruetz, the ordering of the curves indicates a coarsening of the bed load with increasing water discharge Q (Figure 14) . A similar analysis was made for six classes of bed load transport rates q b , and the ordering of the curves indicates a coarsening of the bed load with increasing q b , (supporting information Figure S9 ).
This analysis with the AH-method predicts that for the coarser part of the GSD, e.g., for D 84 , the transported grains in the Fischbach are coarser than in the Ruetz for similar levels of Q or q b (Figure 14 and supporting information Figure S9 ). It is also evident that for a given level of water discharge the transport rates are considerably larger in the Ruetz than in the Fischbach (supporting information Figure S10 ), which may be partly explained by the steeper channel slope. The generally finer sediment transported in the Ruetz may be somewhat surprising given the fact that the streambed surface is slightly coarser in the Ruetz than in the Fischbach (Table 1) . Nevertheless, the coarser predicted grains in transport for the Fischbach are in qualitative agreement with the bed load samples of the calibration measurements (Rickenmann & Fritschi, 2017) . The Ruetz has a more pronounced step-pool (2011). For the calculations, the empirical bed load transport functions were used, which were fitted to the measured U b values for phase 2 bed load transport conditions and which are also shown in Figure 8 .
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bed morphology, and the measuring site is located closer to steep tributaries than the measuring site in the Fischbach. Thus, possible reasons for the finer sediment transported in the Ruetz might be finer sediments temporarily stored in pool reaches and/or more fine sediments delivered from the steep tributaries via hillslope processes.
Daily and Seasonal Hysteresis of Bed Load Transport
Due to the nival and glacial hydrologic flow regime there are typical daily fluctuations of water discharge with a clearly defined maximum (Q max ) and minimum (Q min ) value during the summer half year in both streams ( Figure 5 ), except for periods with (significant) rainfall. In the Fischbach, Q min typically occurs between 10 and 11 h in the morning and Q max between 18 and 21 h in the evening. Likewise, in the Ruetz Q min typically occurs between 9 and 10 h in the morning and Q max between 18 and 20 h in the evening. To examine possible patterns of daily hysteresis of bed load transport, the back-calculated h c values of the 15 min data were averaged each day for both the rising part of the hydrograph (h c,rising from Q min to Q max ) and the falling part of the hydrograph (h c,falling from Q max to Q min of the next day). If the difference Dh c 5 (h c,rising -h c,falling ) is negative, this indicates a clockwise daily hysteresis in bed load transport, and if the difference is positive, this corresponds to an anticlockwise daily hysteresis in bed load transport. The results showed a quite strong fluctuation when plotting the Dh c values determined for each day. To better visualize the detected general pattern, the resulting Dh c values were therefore plotted as a moving mean over 7 days ( Figure 15 ). The general pattern is similar for the two streams: during the first part of the summer half year, until about end of June, there is a predominantly clockwise daily hysteresis in bed load transport in both streams; during the remaining period no clear trend emerges over the 6 years of measurements. A general 
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difference between the two streams is that the fluctuations in the hysteresis appear to be somewhat stronger in the Fischbach (lager positive or negative Dh c values) than in the Ruetz.
Apart from the diurnal fluctuation in water discharge, there is often a general seasonal trend of increasing daily mean water discharges until about end of June and a later decrease. This is due to less remaining snow and/or decreasing meltwater caused by decreasing temperatures, typically starting by end of August.
To examine possible seasonal trends of hysteresis of bed load transport, the daily mean values of dimensionless bed load transport rate U b and dimensionless shear stress h were plotted as a moving mean over 7 days for both streams (supporting information Figures S11 and S12 ). 4. Discussion 4.1. Bed Load Transport Equations, Time Averaging, Seasonal Changes, and Hysteresis Averaging measurements of bed load transport over increasing time periods has been shown to clearly increase the correlation between a measure of transport and a measure of water discharge (Downs et al., 2016; Lenzi et al., 2004; Recking et al., 2012; Rickenmann, 1994 Rickenmann, , 2016 Rickenmann & McArdell, 2008) . This study demonstrated a substantial increase in the correlation coefficient R between log(Q b ) and log(Q) for aggregation times of about 1-2 h (Figure 7) , which integrates over typical short term fluctuations of 15-35 min of bed load transport rates in natural gravel bed streams (Habersack et al., 2012; Hilldale, 2015; Reid & Frostick, 1986 ; see also section 4.2). Two different empirical bed load transport relations (equations (10) and (14)) were developed here based on daily mean values. An alternative way to identify mean trends based on continuous time series of bed load transport measurements is to use binned means (Gaeuman et al., 2015; Schneider et al., 2016; Turowski, 2010; Turowski et al., 2011) . If bed load transport functions are determined from measurements, the averaging procedures mentioned here have the advantage of easily accommodating zero-transport values, which is not straightforward when fitting rating relations by using logtransformed linear least square regressions (Gaeuman et al., 2015) .
For the phase 2 transport conditions in the Fischbach and Ruetz streams, the bed load transport function in terms of U b versus h or of Q b versus Q shows a variability both seasonally and over the years ( Figures 10  and 11 and supporting information Figures S3-S6) . However, the steepness of such a relation appears to be fairly similar for different time periods in a given stream if daily or yearly average values are considered (Figures 6, 8 , and 11 and supporting information Figures S3 and S4) . If a simple power law in terms of equation (14a) is fitted to the data, this implies that the coefficient a 2 is more variable over time than the exponent b 2 . For a reasonable replication of the 6 years of observations, the mean exponent was found to be b 2 5 6.4 for the Fischbach and b 2 5 3.9 for the Ruetz (equations (14b) and (14c)). Several previous studies suggested that different exponents in power law bed load transport functions between streams or channel locations may be related to differences in surface armoring (e.g., Barry (14b) and (14c)), then the variability of the coefficient a 2 reflecting for example a change of a time varying Shield stress cannot be captured with a simple equation such as (14a). As a result, the extreme fluctuations in transport are smoothened as is illustrated in Figures 8 and 9 . For 3 years of continuous SPG measurements in the Austrian mountain River Urslau, Kreisler et al. (2017) documented similar shifts of the bed load transport function in terms of Q b versus Q for different time periods of one to several days; the quasi-stable periods in this study were associated with snowmelt periods, small to medium events, and exceptional events.
How much time of bed load transport measurements is needed to determine a representative coefficient a 2 of a bed load transport such as equation (14a)? Using this equation and fixed values of the exponent, namely b 2 5 6.4 for the Fischbach and b 2 5 3.9 for the Ruetz (cf., equations (14b) and (14c)), individual values of a 2 were determined for each day for phase 2 transport conditions in the two streams, i.e., for of h > 0.02 for the Fischbach and h > 0.01 for the Ruetz (supporting information Figure S14 ). This is another way to illustrate the temporal variability of a 2 (as is also seen in Figure 8 ), which is mostly within a range of 1.5-2 orders of magnitude (supporting information Figure S14 ). For these same conditions, a cumulative mean value of a 2 was also calculated for the 6 year measuring period. An interesting result is that about 100 days of measurements are required in the Fischbach and about 70 days in the Ruetz to reduce the variability of a 2 to within a factor of 2 in relation to the 6 year average (Figure 16) . A qualitatively similar result is obtained using cumulative values of Q b and Q (supporting information Figure S15 ), which does not require an assumption about the steepness of the transport function but also helps to constrain the long-term mean transport. This finding is in Figure 13 . Seasonal variation of relative proportion of impulse counts (r-Imp) by the geophone plates. The numbers after r-Imp in the legend (-ii) refer to the numbers of the geophone sensors (ii), over which the impulses were averaged (see Figure 1c for the lateral distribution of the sensors over the cross section). The rImp values were calculated as mean values over the ''stable'' periods (thick black lines), and they represent the fraction of impulses recorded on average per plate. contradiction to an earlier suggestion of Wilcock (2001) , recommending that a transport function may be calibrated merely using a relatively small number of observations of transport rates.
The continuous bed load transport observations in the two Austrian study streams indicate a predominantly clockwise daily hysteresis during the first half of the summer period and a seasonal hysteresis only in one out of six summers. For the Saldur glacial stream in northern Italy with 3 months of measurements from July to September 2011 with the Japanese pipe microphone system in a reach with 6% channel slope, clockwise daily hysteresis was observed for the early portion of the study period; in contrast, counterclockwise hysteresis was more common later, during the glacier-melt period. During the same study period, seasonal counterclockwise hysteresis was reported (Mao et al., 2014) . For the Riedbach glacial stream in Switzerland with continuous SPG measurements in a 38% steep reach, a weak clockwise trend was found for daily hysteresis as well as for seasonal hysteresis, in both cases determined as an average trend for seven summers of observations (Schneider et al., 2016) . A potential reason for the seasonal clockwise hysteresis in the Fischbach and Ruetz in summer 2013 (supporting information Figures S11 and S12 ) may be the activation of an important source of sediment supply that was largely depleted after the maximum level of bed load transport had been reached. This argument was also proposed for the seasonal clockwise hysteresis observed in the Riedbach by Schneider et al. (2016) and in some mountain streams in Idaho (USA) by Moog and Whiting (1998) .
Variability of Bed Load Transport, Bed Morphology, and Short-Term Fluctuations
The Q b values with a 15 min time resolution from the Fischbach and Ruetz indicate a variability of about 2-3 orders of magnitude for a given water discharge Q (Figure 6 and supporting information Figures S3  and S4) . A similar variability was documented for example for Little Granite Creek in Wyoming, USA, with measurements with a Helley Smith sampler for 6 different years (Ryan & Dixon, 2008) . These measurements show a variability of about 2 orders of magnitude for a given Q, and there is some annual variability in the mean transport level, similar as documented in our study. Based on bed load transport measurements with a net traps, Bunte et al. (2008) also documented a variability of Q b with Q of about 2-3 orders of magnitude in a given channel for eight coarse-bedded Rocky Mountain streams in the U.S.
The geophone measurements in the Fischbach and Ruetz streams indicate that the GSD of the transported particles coarsens with increasing water discharge ( Figure 14) and with increasing bed load transport rate (supporting information Figure S9) . Also, the relative intensity of transport activity across the stream width was found to change over time (Figure 13 ), and it may be different for similar levels of water discharge (shear stress) or bed load transport rates. Taken together, these observations likely reflect changes in the local bed morphology or arrangement of particle clusters upstream of the geophone sill, which in turn can influence the transport paths and transport intensity along the stream bed. A temporal variation of bed load transport activity across the stream width was also observed for example in two Israeli gravel bed streams, and this variability was thought to be related to changes in local hydraulic conditions (Powell et al., 1999) . Likewise, a coarsening of the bed load with increasing flow strength was also observed in other gravel bed streams (e.g., Bathurst, 1987; Ryan et al., 2005; Whitaker & Potts, 2007b ). It appears therefore possible that the reasons for the transport variability are related to changes in transport efficiency due to bed evolution, such as changes in packing, grain size of the bed surface, roughness, imbrication, and orientation Figure 16 . Cumulative mean value for all previous consecutive days of the coefficient a 2 for phase 2 transport conditions in the two streams, i.e., for of h > 0.02 for the Fischbach and h > 0.01 for the Ruetz, versus number of consecutive days with phase 2 transport conditions. The a 2 values were determined using equation (14a), mean daily values of U b,meas and h, and fixed values of the exponent of the power law transport function, namely b 2 5 6.4 for the Fischbach and b 2 5 3.9 for the Ruetz (cf., equations (14b) and (14c)).
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of the particles, clusters, and armor layer configuration (Church, 2006; Diplas et al., 2008; Guney et al., 2013; Haynes & Pender, 2007; Humphries et al., 2012; Mao, 2012; Piedra et al., 2012; Roth et al., 2014 Roth et al., , 2017 Waters & Curran, 2015) .
The temporal variability of bed load transport at a time scale of less than 1 h was assessed for the Drau River in Austria by Habersack et al. (2012) and for the Elwha River in U.S. by Hilldale (2015) . In both studies, SPG measurements with a 1 min recording interval of geophone impulses were used and a periodicity of bed load peaks ranging from 15 to 35 min was determined, based on moving 5 min average values. Although the focus of our study was on the 15 min geophone data, the AH data of the Fischbach and Ruetz with a 1 min recording interval indicate a similar periodicity of about 14 min for an example day in June 2010, based on moving 5 min average values (supporting information Figure S13 ). For the Ruetz, there is a superposition of more frequent peaks with a periodicity of about 5 min. Fluctuations with a periodicity of 14-35 min were found both in natural streams (Habersack et al., 2012; Hilldale, 2015; Reid & Frostick, 1986) and in flumes (Kuhnle & Southard, 1988 , Strom et al., 2004 ) under a variety of hydraulic conditions and sediment supply. Possible reasons for such fluctuations may be moving bed load sheets or the formation and destruction of gravel clusters (Hilldale, 2015; Kuhnle & Southard, 1988) .
The fluctuation of bed load transport flux has also been increasingly studied in controlled flume experiments. For example, Ma et al. (2014) identified different characteristic time scales, including uncorrelated random fluctuations of bed load transport due to turbulence of the water flow, correlated fluctuations due to the intermittent formation and disintegration of microform particle clusters and the migration of bed forms, and a memoryless stage. These observations are also in agreement with other studies (e.g., Ancey et al., 2008; Campagnol et al., 2012; Roseberry et al., 2012; Singh et al., 2009 ). These flume observations provide possible explanations for the variability of bed load transport observed in this study for the two Austrian mountain streams, both for the observations at shorter time scales, i.e., based on the 1 min AH data (discussed in the previous paragraph) and the 15 min data showing the fluctuations around a quasi-''stable'' Shields value (Figures 11 and 12) , and at longer time scales of days to weeks associated with changes in the quasi-''stable'' Shields value (Figures 10 and 13 ).
Implications for Future Bed Load Transport Studies and for River Engineering Assessment
Based on the findings with the continuous surrogate bed load transport data of this study and the associated literature review, the following remarks can be made. (i) The 1 min data represent stochastic fluctuations in bed load transport that are likely influenced by turbulence, spatial variations in the bed configuration upstream of the geophone sill, and variable bed load input from upstream reaches. These fluctuations are largely also present in the 15 min data. (ii) For integration time scales of several hours to 1 day, part of these fluctuations are averaged out, and the correlation between bed load transport and water discharge increases. Our data suggest the presence of quasi-stable periods of days to weeks for which a constant Shields value may be associated with quasi-stable conditions of the bed morphology upstream of the geophone sill controlling bed load flux at the measuring cross section. Changes between these periods are likely due a rearrangement of bed structure (morphology, grain size distribution, particle arrangement, and local roughness).
To further explore factors contributing to the variability of bed load transport in these two temporal ranges, complementary measurements with a high temporal resolution are necessary in particular on the bed structure upstream of the measuring site, ideally combined with a second cross section instrumented with surrogate bed load measurements to monitor the influx from upstream reaches. The temporal variations are expected to be influenced not only by the local hydraulic conditions and the actual configuration of the stream bed but also by the bed load influx from upstream, both in terms of transport rates relative to equilibrium conditions and in terms of bed load texture relative to the actual bed conditions. This aspect is likely related to the temporally variable sediment supply from ''external'' sources, e.g., bank erosion and hillslope sediment supply, the role of which tends to be the more important the smaller and steeper the upstream part of the catchment is, and which has been rarely quantified so far.
For river engineering studies and the design of river protection works, it is sometimes more important to asses major changes of the channel geometry on the reach scale than to quantify the short-term variability of bed load transport. These major changes may imply substantial vertical and lateral erosion and deposition due to nonequilibrium transport conditions and may be the result of longer-term flow periods or of Water Resources Research 10.1002/2017WR021376 extreme events (floods). Our observations indicate that with continuous bed load transport monitoring, it may be possible to identify a mean transport level to within about factor of 2, if the observations cover a period of about 70-100 days with phase 2 transport conditions. This mean transport level may be representative of equilibrium transport conditions. Using a mean coefficient a 2 with a power law bed load transport function such as equation (14a) could be of interest for example in the combination with a numerical simulation model to asses long-term morphological evolutions. If only few direct bed load transport measurements are available and a reliable exponent b 2 can be determined for the power law bed load transport function, one might additionally use a probability distribution for the coefficient a 2 to represent the uncertainty due to for example changing Shields values associated with quasi-stable bed conditions.
Conclusions
Continuous bed load transport measurements were performed with the Swiss plate geophone system during 6 years in two mountain streams in Austria. The streams have a glacier and snowmelt dominated hydrologic regime resulting in frequent transport activity during the summer half year. Primarily the temporal variability of bed load transport in the two streams was investigated.
The 1 min data and 15 min data likely represent stochastic fluctuations in bed load transport influenced by turbulence, spatial variations in the bed configuration upstream of the geophone sill, and variable bed load input from upstream reaches. For integration time scales of several hours to 1 day, a part of these fluctuations are averaged out, and the correlation between bed load transport and water discharge increases. The data suggest the presence of quasi-stable periods of days to weeks for which a constant Shields value may be associated with quasi-stable conditions of the bed morphology upstream of the geophone sill controlling bed load flux at the measuring cross section. Changes between these periods are likely due a rearrangement of bed structure (morphology, grain size distribution, particle arrangement, and local roughness). This hypothesis is supported by associated changes of measured lateral bed load transport activity and by a measured coarsening of the transported grain sizes with increasing water discharge and with increasing bed load transport rate. The bed load transport observations in the two study streams indicated a weak and predominantly clockwise daily hysteresis during the first half of the summer period on average, and a seasonal hysteresis was found for one out of six summers in both streams.
Bed load transport intensity fluctuated by about 3 order of magnitude for a given mean flow strength. For integration time scales of several hours to 1 day, the fluctuations in bed load transport decreased and the correlation between bed load transport and water discharge increased. Using daily mean values, the observed bed load rating curves for the phase 2 transport regime can be reproduced approximately by a fitted power law but the remaining variability is still about 1.5-2 orders of magnitude for most of the data. For integration times of about 70-100 days for the two Austrian mountain streams, bed load transport is determined by discharge or shear stress to within a factor of about 2, relative to the 6 year mean level. In other words, relatively long monitoring periods with continuous observations by a surrogate measuring technique are required to determine reliable bed load transport functions that can be used for engineering applications. where h m is a dimensionless mobility shear stress similar to h c in equations (4) where q bi 5 unit bed load transport rate per grain size fraction, f i 5 fraction of the ith grain size class of the bed surface grain size distribution, s 5 bed shear stress, q 5 water density, q s 5 solid density, and h ref 5 dimensionless reference shear stress. The total unit bed load transport rate is determined as q b 5 P q bi . I am grateful to the Tyrolean Hydropower Company (TIWAG) for having performed the geophone calibration measurements in the Fischbach and Ruetz streams and for having provided these data and the continuous geophone measurements to the Swiss Federal Research Institute WSL for further analysis. Bruno Fritschi developed the measuring software. I thank Thomas Weninger for grain size analyses of the streambed surface, the survey of the longitudinal profiles, and for a preliminary analysis of the continuous geophone measurements. Alexandre M erillat, Philipp von Arx, and Guillaume Mayoraz helped with parts of the analyses, and Nicloas Steeb prepared a figure. Alexandre Badoux provided constructive comments on a draft of the manuscript. The study was partly supported by SNF grants 200021_124634 and 200021_137681. The constructive comments of the AE (Christophe Ancey), John Laronne, and two anonymous reviewers helped to improve the paper. The supporting information to this article can be found on the journal website. It essentially includes information on the AH data analysis, on the cumulative time averaging of the bed load transport observations, and additional graphical illustrations of the results for each of the 6 years of measurements for both streams. The data cannot be made publicly available for the time being since it is used by TIWAG, the owner and provider of the data, in an ongoing hydropower project authorization procedure. A request to use the data for research purposes can be addressed to the TIWAG Hydropower Company, Innsbruck, Austria (contact person: DI Klaus Feistmantl).
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